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by

P. ®, Ashill

SUMMARY
‘.

A combined theoretical and experimental investigation into transonic flows
over aerofoils of advanced design is described. The experiments have been™
performed at high subsonic speeds and over a wide range of Reynolds number up to
20 million on a number of aerofoils with rear pressure distributions of differing
form and severity. Three families of aerofoils have been studied, all of which
are of 147 thickness and have a high degree of rear camber. Data for aerofoil
pressure distributions and overall forces are compared with predictions by a
calculation method based on the viscous-inviscid interaction concept and
including allowance in the modelling of the turbulent shear layers for effects
which become important as separation is approached. Predictions of pressure
digtributions by this method are shown to be in generally good agreement with
experiment for the various sections tested, and it is concluded that the method
provides a reliable basis for designing aerofoil sections with advanced features.
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1 _Introduction

Zomputational Fluid Dynamics (CFD)
methnds for transonic [lows over aerofolls
have been shown to yleld physically
r=alistic solutions in a numbecr of special
rases generally with fully attached flow.
However, these methods treat the shear
layers approximately and hence further
1ssessment 13 needed before the concepts
tnvolved can he extended with confldence
"0 more ~omplex [lows. The need for such
an assessment 1s particularly acute for
flows at high subsonic speed over aern-
£211ls of modern design having relatively
large rear cambecr. For such flows, the
adverse pressure gradlents over the rear
of the sectlon can be particularly severe,
leading to a rapid growth in boundary-
layer thickness as the tcalling edge ls
approached and possibly also to separ-
ation., Thus flows of this type, which are
»f great practlical importance, pose a con-
si{derable challenge to the accuracy of the
predictions by CFD methods.

This paper describes a combined theor-
atiral and ~xperimental investigatlon
aimed at improving the modelling in a CFD
method of flows approaching separation.
The experiments were performed at high
subsonic speeds In the Bft x 8ft
Pressurised Wind Tunnel at RAE Bedford on
three families of aerofolls of 14%
thickness and of modern design, some of
“hich are novel (n character.

Until falrly recently, the method most
favoured in UK for calculating transonic
flows over aerofoils was the viscous ver-
sion of the Garabedlan and Xorn program
(YGK)1»2, Based on the viscous-inviscid
interactlion concept, YGK uses a full=
potential algorithm for the .nviscid flow
and integral methods to calculate the
shear layers. VGK gives reasonable pre-
dictions of aerulotl rressure distrl-
butions and drag for attached f{lows but,
where flow separation 13 approached, the
method 13 less rellable. The inadequacy
of the method for flows of this tvpe erams
in part from the use of the concepts of
first-order boundary-layer theory.

More recent developments have i{ncluded
methods for solving the Euler equations3,®

in the inviscid part of the flow and
nthers yielding solutiocns of the %eynolds-
averaged Navier-Stokes esquationsS.5. The
former class of methods retains the
viscous-inviscid interaction procedure and
thus needs allowance for effects which
become important in regilons approaching
separation; the latter class is ~ ss
restricted in this sense but currently
relies on primitive turbulence models’.
Thus methods of this type are not, at
present, suitable for routine application.

In oeder to remedy cthe defects in VG
mentioned above, improvements have been
made to the method to allow for 'higher-
order' effects and other influences which
become important in separated-flow
regions. A first attempt to include .these
effects (to glve a code known as AVGK) was
not entirely 3uccessful because of the
slowness of the numerical convergence of
the 'direct' method (used to couple the
inviscld and viscous flow solutions) as
separation is approached. East et al?
showed that, in such circumstances, an
'inverse' scheme for calculating the shear
layers 1s preferable. In this scheme,
boundary-layer displacement thickness {(or
‘wall' transpiration velocity) 1s assumed
known and the wall streamwise-velocity
distribution of the inviscid flow 13
calculated; this distribution 13 then used
in the inviscid flow either directly as
the wall boundary-condition or indirectly
via an intermedlate expression to define
the wall transpiration veloclty. The
latter 'semi-inverse' procedure ls
employed in an improved version of AVGK
known as BVGK?; thus AVGK 1s superseded by
BVGK and so no further mention is made of
AVGK in this paper.

The remainder of this paper starts with
a description in section 2 of the aero-
folls studted, follows this with a
discussion of the experiment, including
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*ne test techniques, !n section 3, and
continues by iescribing the main features
of BVGK tn section 4., Pinally, predic-
tlons by YGK and 3VGK »f aerofnil pressure
itstributicons and drag are compared with
rthogse »f measurement (n section 5.

2 Aernfoll Design

Ag nored in the Introduction, three
familles of zerofoils have heen tested,
and {n this sectlion characteristics of
2acn family are briefly summarised. Each
family Ls distinguished by the pressure
tiscribution or shape »f the rear half of
“he upper surface. In other respects the
aernfolls, whicn have 2 common section
shead of %5% chord, are similar. Detalls
2f section shape and rear pressure distri-
surion caleulated by BVGK for selected
asrafnils are given In Filg 1.
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Fig1 Famlies of aerotoils studied
2.1 Convex

The convex family of sections s so
named because the pressure gradient on the
upper surface lncreases monotonlcally with
3treamwlse distance between about 60% and
80% zhord. Six sections have been
{nvestigated in this family, three wlith
sharp tralling edges, RAE 5225, RAE 5229
and RAE $230, and the remainder with blunt
bases. However, only those sections with
sharp "ralling edges are considered In
this paper.

Jf the three sharp tralling-edge aero-
fnotls, RAE 5225 has the least tendency
rowards separatinon on the upper surface;
*hls secrion s designed so that, at a

1ift coefficient 2, = 0.6, a free-stream
Mach number M, = 96735, a ~hord Reynolds
number R = 2C x 10° and with %transition at
5% choed on both surfaces, separation (s
Just avolded near the trailing =dge on *“he
upper surface. RAE 5230 is the most
extreme of the three, having heen Jesigned
to have boundary-layer charactertistics
near the trailing edge on the upper sur-
face at R = 20 « 10 gimilar %o *hose »f
RAE 5225 at R = 6 « 10°.

2.2 Relazing

The name relaxing 13 1sed for these se
tions because the pressure gradlent »n &
upper surface decreagses or 'ralaxes’ w~it
streamwise distance between TS% and 2N%
chord. This type of section has 2
possible advantage over more conventional
sections for wings designed for high-speed
crulse, since the upper-surface shape
between 55% and 75% chord (s such that
shocks forming in thls region are rela-
tively weak at a given angle nf incidence.
Of the two relaxing sections, RAE 5236 !s
the more severe In terms of proximity to
separation but is less prone to separation
than all the convex sections. Desplte
this, RAE 5235 has a higher drag at a
glven 11ft at M_ = 0,735 than does the
least extreme convex section RAE 522%, as
1s shown later.

2.3 Two Part

The pressure distribution on the upper
surface of the solitary two-part section,
RAE 5234, is characterised by a region of
modest, adverse pressure~gradlent between
60% and 90% chord followed downstream by a
pronounced increase in pressure gradient.
A novel feature of this section, which has
a }% thick base, is that it has a rela-
tively large cross-sectional area aft of
55% chord, offering possible structural
advantages and some freedom to design a
flap with a generous nose radius.

3 Wind Tunnel Tests

3.1 Model and Measurement Techniques

The model was of 0.635 m chord for all
aerofoll sections and spanned the tunnel
working section, giving an aspect ratio of
3.84 and a chord to helght ratlio of 0.26.
Speclal efforts were made to seal the two
gpanwlige extremitles.

Boundary-layer transition was {lxed by
means of the alr-injection technique in
which air is bled into the boundary layer
thr-ugh a row of small holes, drilled nor-
mal to the surface, at a rate just suf-
ficlent to fix transition. Detalils of the
system are given in Fig 2 which also shows
the construction of the model; further
information is provided {n Ref 10 where it
{8 shown that, above a critical mass {low,
transition is effectively fixed at the row
of air holes at 5% chord on both surfaces,
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ind svidence {38 presented suggesting “hat
tne apurions deag assoclakred with atr
inlectlon !s negligible.

Surface statlc pressures were measured
at arifices of 0.5 mm diameter and drilled
normal to the surface both on the model
centre line and at a limited number of
positions on lines about one chord elther
side of the centre line. The off-centre
holes were provided as a check on the
spanwlse unifoermity of the flow but in
this paper only pressuras measured at the
2entrae~iine are considered.

Jactlon 11ft and oltching moment were
determined by appropriate integratlions of
the statle pressures arnund the sectlon
contour. Section drag was determined from
the momentum deficit in the wake fair
downstream; this deflclt was {nferred fCrom
measurements »C total and static pressures
made w“ith a rake of pitot and static tubes
located at the vertical plane of symmetry
abont two chords downstream of the
tralling edge.

Detalls of the corrections applied to
the data for static-hole error, Sunnel-
“all constralnt and model static aero-
elastic dlstortion are given in Ref 1l.
All the data presented {n this paper are
corrected for these effects. In pacrticu-
1ar, a simple anrrection for blockage i3
applied to free-stream Mach number and
statlc pressure on the basis that the
blockage tncrement {n Mach number varles
slowly alnng the aerofoil chord. 0On the
nther hand, a wall constraint correction
to model incidence alone {3 not justified
because of significant variations i{n wall-
induced upwash in the reglion of the model.
Therafore, in the comparisons between
caleulation and measurement to be
disnussed {n section 5, an allowance i3
made for thils variation by a correction to
the aerofnil camber {n the calculation,
using the analogy between flow curvature
and aerofnil camber suggested by
lineartised aernfnil thenry!2,

The correction for model aercelastlc
distacrtion arises because the model was
free to rotate in a hearing at one span-
41se axtremity while being constralned at
the nther and by the incldence adjustment
tevice. Thls arrangement avolded the
somplicatinn of 2 following mechanlsm but
meant tha* the model twisted undecr

aerodyhamic ioad. The zarrectlion %o
centre-line incidence was deduced from 2
prior static-calibration and from vaiues
of aerndynamic pitching-moment inferred
from “he static-pressure measurements.
The same calibration !ndicated that the
twist over the central S0% span w~as about
half the change in centre-line lncidence.

Limited checks were made of the spanwise
7ariation of sectlon drag coefficlent by
rotating the wake rake about its axis
thr-ugh the wake for a number »f shock-
free flows. Differences between the
centre-line value and values At netween
3.3 and (.S ¢hords elther side of the
centre-line were found to be small, typi-
cally from 0.0001 %o 7.0002.

An assessment of the effect of various
sources of error suggests that statlc
pressure and drag coefficlents are
accurate to within +0.002 and :0.0001,
respectivel, ;. A nhigh stanuard of repeat-
ability was achieved in the measurement of
pressure both between and within test
secles, static pressure and drag coef-
ficients being repeatable to within +:0.001
and +0.0001.

3.2 Test Conditions

The measurements were made for free-
stream Mach numbers within the range 0.>
to 0.75 and for chord Reynolds numbers
from 6 x 109 to 20 x 1N? fcr 21l sections
except RAE S230 for which the maximum
Reynolds number was 17.7 «x 106, ALl the
tests described here were made wilth tran-
aition fixed, established hy varying air-
{njection mass {low untll there was no
further change in drag with mass flow.

4 Calculation Meth~d

BVGK contains the 3ame baslc procedures
as VGK, including the lag-entrainment
method 13 for calculating the turbulent
shear-layers, but embodlies changes to the
modelling of the shear layers which become
increasingly important as separation is
approached and uses a revised method to
couple the viscous and inviscid flow
solutions.

4.1 Improvements to the Modelling of
Viacous Effects

The changes to the modelling of the
shear layers in 8VGK are:

(a) Allowance [or 'higher-ordec' effects
in the equations fou lntegrated shear
layer mass and momentum deficit due
to flow curvature and, where
appropriate, second-order Reynolds
stresses.

(h) 4 revised shape~-parameter relation-
ship which is more suitable for flows
#ith separation.




‘1 Modiflcatlons to improve the accuracy
~f the skin friction and the shape
parameter of the valoclty profile at
W laeal Jeynolds number,

{4) Allnwance "or the 2{fact on turbdbu-
lence structure of Tlow curvature (a
correction which (s ivallable in the
lag-2ntralnment methed nhut not
tmplemented in V0K,

4,1.1 Higher-order effects

Ry ‘J1fFferencing “he respective equations
af continuity and Reynolds-averaged,
Havier-Stokes aquations for two flows -
tne Equivalent Inviscid Flow ‘EIF) and the
Real 7lscous Flow (RVYF) - East!“ was able
tn adapt %he equatlions for integrated mass
and momentum deflclt in the shear layers
ro inclnde higher-order =ffacts, The
Tormer {low coincides with the latter
wnere the flow is inviscid and 1s the
smooth continuatiaon af the inviscid flow
#i-hin the shear layers. He obtained for
the wall transpiration velocity in EIF

. _ 1 d .
diw 7 1w 8 Cogwliws®*) m
where suffixes 1 and w~ refer to EIF

and to wall (aernfoll contour or rear
1ividipg streamline) conditions, U (is
7eloctty ln the streamwise direction s
and

L4
1
52—y Uy - olldz (2)
P iwViw é(pi 1 °

{3 generilised Alsplacement thlckness.
The lntegratlon indlcated in equation (2)
13 performed from the wall (z = Q) to the
outer odge of the shear layec (z = §)
along 3 normal %o She wall.

Defining a generalised momentum
thickness

A
3 = —Le (U - 1)+
01w Lw

0qUe(Ug = Ugy) |dz

and ignoring terms which are signiflcant
only when surface curvature 13 large and
the boundary layer grows rapldly, East
showed that the streamwise momentum
integral equation may be expressed as

du [}
d8 2 . 9 iw - F =
T ' (H + 2 - Miw'”:; I8 5
) 1 d(°LwULw f9)
s 12 s
twilw
e W,
Lw , iw . (3)
> k] ‘{w I

Here £y s an equivalert skin friction
coefficient, M i3 Mach number and

H = 5%9 ., The term £ may be expressed
as the sum »of two terms Aue respectively
to flow curvature and %o Reynolds normal
stresses.

Equations (1) and (3} differ From the
standard first-order expressions in 76K in
that the inviacid-flow quantities are
defined by wall conditions in EIF rather
than by those at the outer edge »f the
shear layer (which in VGK are inferred
from the wall =%3tic pressure »f RVF using
the boundary-layer approximation
3p/3z = 0, where p i3 static pressure),
Lock and Firmin!S argued that this change
is =2quivalent to an increase {n adverse
pressurae-gradient in regicns »f rapid
boundary-~layer growth such as near the
tralling edge. An additional differenca
is that the right-hand side »f
equation (3) 1is non-zero, Iln general,
whereas it {8 zero Iln the flrst-order
equation.

The second term on the right-hand side
of equation (3) is generally less import-
ant than the first and 18 thus neglected.
Conslstent with this approximation, Uy

13 assumed equal to the surfaice speed !n
EIF, Qqw = JUfw + W%W. A study nf the
errors in boundary-layer thickneases
involved in using 174y insteal of Uy,

suggests that they may he ignored for the
flows consldered in thls paper.

In a stmilar way, East dertved the nor-
mal momentum~-integral equation and from it
showed that wall static pressures in the
two flows are related by the expresslon

2
Py = Py * z'piwuiw(a + 5%)

where * 13 the displacement-surface
curvature. For convenlence, this equation
18 not used directly in BVGK but 1is com-
bined with the usual linearising assump-
tions to derive a flow speed corresponding
to Py

a, = in[l +oc®(9 + %)) . ()

In principle, equation (4) allows a
solution to be obtained for the inviscid
flow which is compatible with the Kutta
condition of smooth flow at the trailing
edge expressed as

lay)y = (97

suffixes u and 1 referring to the
upper and lower surfaces approaching the
tralling edge. However, the conformal
transformation used {n the calculation of
the inviscid flow 1s such that the sol-
utlon for the flow i3 not defined at the
tralling edge. The method used to solve




“his peabiem within the framework of the
cevized <reatment of the shear layers 13
lesoribeq lateap,

Modifi{cations to the antralnment and lag
equations in the lag-entralnment method
consequent In the use »f EIF wall quan-
titles ln the definition of the lntegral
“hlrknesses ars described Ln Ref 9.

d.1.2 3Jhape Parameter Relationship

In the lag =entralnment method, the mass-
Tlnw snhape parameter

5
o feansey s

and “he transformed shape parameter

3§
i = ,"o(Ulw - U)dz/oiwuiwe
0

are relatad by the expression
Hy = 215 s 1.72/(H - 1) - 0.01(F - 1)2 .

This formula {s intended to represent a
wlde range of aerofoll flows but is blased
“owards those with severe, adverse
cressure gradients. The last term on the
right-hand side Las intended to ensure that
4K, 4R is fintte for all positive H ,
“hus avolding singular behaviour Lln the
integratinon of the shear-layer esquations
hy the direct method.

In CVAK an altarnabtlive relatlonship Ls
used

Hy = 2 ¢ LS/H - 1) + 0.5(A - 1),

1.3 <« A ¢ b

-,,1,:|+§(ﬁ-u>, b <H® <12 . (5)

Equation (5) displays a minimum in H,y
at a value of H (= 2.7) close to that
for incipient separation. As implied
above, relationships of this type cannot
be used for the calculation of separated
flows by the direct method normally
assoclated with the lag-entralnment method
but pose no problem when the inverse
method 1s used. Lock!® showed that an
azpresalon similar to equation (S5) 1s
sultable for low-speed flowa, and it would
appear that the same 13 true of flows at
high subsonlc speed except in reglons of
sudden and severe pressure gradient!/ (eg
strong shnck waves).

4.1.3 Skin-Priction Relationship

The skin-friction coefficlent Cp 1a
assumed to be aquivalent to the standard

~1

definition but “he formula used differs
from that »f the lag-entrainment method
in two respects:

{a) Allowance s made for %he effects nf
1ow Reynoclds number on the veloclty
proflle »f the turbulent ahear layer.

{(b) A lower limit of -0.0002 is !mposed
on the skin friction coefficlient.

The first modification, whizh is
described i{n derall in Ref 2, 's made =2
allew {or changes in the character of tur-
bulent boundary-liayers at low Reynolds
number (ie at a momentum-thlckness
Reynolds number Ry bvelow about 5000),
relative to that at higher Reynolds
number, originally nbserved by Tolesgli?d,

According to Prestonl!d, a Clat-plate
boundary layer w#ith fully-develioped tur-
bulence i3 not possible for values of Ry
less than 320 (n low speed flows. In view
of this, and in the absence of evidence on
the effects of pressure gradient and
compressibility, thils value has been taken
to be the lower limit of R, just
downstream of transiticn, the momentum
thickness there belng adjusted accordingly
when necessary.

4.1.4 Curvature Effects on Turbulence
Structure

A method allowing for the influence on
turbulence structure of streamwise flow
curvature is described by 3Freen et all?.
This cocrrectlon with a modificatTon pro-
posed by Bradsnaw?? to allow for a lag of
106 ~an be included in BVGK. The mean
value of flow curvature across the shear
layer used in thls correctlon 1s taken to
be that of the dlsplacement surface. It
1s doubtful if this approximation is walid
for separated flows where the varlation of
flow curvature across the layer is likely
to be large. This aspect of the method 1s
considered again in sectlion 5 where calcu-
lation and measurement are compared.

4.2 Viscous-Inviscid Intecraction
Procedure

BVGK 1s semi-inverse in character since
1t uses an inverse method to calculate the
turbulent shear layers but applies the
wall transpiration condition in the calcu-
lation of EIF as in the conventional
direct scheme. In both VGK and BVGK the
method of Garabedian and Xorn {s used to
calculate the inviscid flow w#ith a modifi-
cation Lo the numerical difference scheme
by Lock® to improve the representation of
shocks. However, in BVGK a different
method i3 used t: 3atisfy the Kutta
condition and thls 1is described later.

Aao wou




8
4.2.1 Calculation of Shear Layers and
7iscous-inviscld Matching

n 2ach surface, the laminar “oundary
layer and the turbulent b»oundary layer to
one grid nolnt downstream of Sransition
are calculated {n the usual direct way.
Mirther lownsrream, the lnverse method 13
1sed whereby 5% (3 specified and Uy,

{s determined along with ~ther boundary-
layer parameters, the lterit'on process
being started #4ith an assumed distribution
»f 1isplacement “hickness.

Matching hetween the lnverse part of the
solution and EIF {s accomplished with an
axpression due %o Carter?!

7
s#in + 1) =2 5a(n) (1 + Q(_i_w - 1)) .

I
Ui

ahere superscripts [ and V cefer to
the previous inviscid solution and to the
soiluttinn of the shear layers, n s the
number of viscous iterations and qa {3 a
relaxatinn factor. Wall transpiration
7eloclity Ls then nbtained from

equation (1) with o,y and Ui, being
derived €rom the inverse solution of the
shear lavers.

2 _ Treatment of Trailing Edge and

The ~onformal mapping used in the calcu-
tatlon of EIF i3 singular at the tralling
dge, and thus the solution of EIF 1s not
cftrned 1t this point. Hence, without
urther consideration, it 1s not possible
either to match the two [low solutions
there using Carter's formula or to satisfy
the Kutta conditlon directiy. The method
used to solve this problem is as follows.
First, 2 further approximation to s* at
the Lealllng 23g: te fev=+ hy a smooth
tnterpolatlon of the displacement surface
(#1g 3). For this purpose, the wake
nentre line near the trailing edge 1is
taken to be a straight line, initlally
assumed to be parallel to the reference
streamwise axis »f the aerofoil. Second,
hav'nrg Jdetermined dtsplacement-surface
rurvature at the lralling edeg=~ on each
gurface by \lnterpolation, flow speeds
rorresponding to RVF pressures it the
tralling edge are found using
equatton (4). At thls stage, the Kutta
sondition 1s not necessarily satlafied;
therefore the angle of the wake ~entre-
line relarive to the reference axls, 4 ,
ts adJusted after each shear-layer calnru-
Tatinn until values of §% at the
tratlitng edge are nbtained which are con-
sisrent bath 41th the Xutta condition and
rne requirement of a1 smooth dlsplacement
surface.

Tisgtacement SMonth Nterpotanions
<urtace ot aspracement
cyrfaces

\\)\”\_J_‘__W\/

_Chord _ling

Azke centre

/q/ ‘e

@ Smoath disolacemen! suttace

® A4ytis conditinn

Fig.3 Flow conditions to be safisfied af
trailing edge
The condition of zero pressure diffec-
ence across the wake centre-line {s also
imposed further downstream. As shown
by Lock!®, this condition defines the ‘lump
in velocity across the wake {n EIF.

Fig.4 Streamwise variation of shear - iayer
thickness near trading edge of vlunt-
hace aeroforl
The effect of a blunt base 13 incorpor-
ated in a simple ~ay as follows. As
before, the dlsplacement surface 1s taken
to be continuocus at the tralling edge, and
the unique shape-parameter relationship,
equation (5), 1s retained. Fig U
1llustrates the streamwise distributlions
»f the shear-layer parameters upstream and
downstream of the tra!llrg &4dge Reth the
thickness 4,; and displacement thickness

D)
6, of the shear layer above the rear

dividing streamline {ncrease discontinu-
ously at the tralling edge by the amount

h , the height of the %tralling edge of the
upper surface above the intersect!on of
the dividing streamline with the base.

L}
This tmplies that H,; =* 4,9 Jumps at the
tralling e~dge by the amount h/s, , while
{(Hidy = (& - 6;)/9u ts contlnuous there.

A similar argument applies to the shear
layer below the dlviding streamline
(Pig 4). Since the value of H; of

s




2¢"ner haear lavar ‘usft jownstream >f the
“r3ll'ng ~dge 's 1ot necessarily ~on-
Sltronr g0t “hat ‘mplisd hy “he ~nape-
raramenac relaricnsnlp, an adustment (3
mada -y i Adherae necessary Aas
Lliusrrarad tn Tig 3. The positian f She

L7iding streamiline an ~he hase, 4nhlch
ierermine=s “he vaiues >{ *he houndary-
L3ver “hiriknesses el*her s3ide > -he #ake,
L3 inknown; howevaer, averall fnrces are
fyand ~o n~e ‘nsensi%ive %o r~rhanges n %“hls
rasition,  Therefire tn the =zaloulatinns
n the ~junt-sase 1er3fnll RAE $234 the
nelgnt 1 's saxen to oe M0% Hf hase
“hivkness.

—— 4 A retatignabig 151
----- ‘rajectory befween Jan?s
ust upsiream o down-
=tream ol rading edge
N - — = .ump_n Wl returs 'o
A4y~ 4 rewationstug 1S)

S

S

4

“q S Adwstment to mass - How shage
narameter ust townstream of
‘rabng sdge

The wake boundary condltlions in EIF are
applied n %he ~hordwlse extensions of the
odges ~f the base In the way described by
ek oand Allltams?2,

3 __omparison Between Calculation
and Experiment

Tuil leratls of the caleculation pr~-
cedyre arae glven {0 Ref 3. Nominal

“Jesign) >rdinatas «ere gged 'n the rali-
lations; =he 2rporg in “ne Hrdinates 1
small #wi=h 1 magni%.icde >f Tess “han
1.0002~, «here = '3 1ercfiil =nord. The
assoclated errnrs in surfiace pressura are
2alculated %3 ne negliginila axrcepr :.oae
Yo sonlc zond{~ions.

ca

Jrag (3 tal:ulated jsing “he axpreaston

‘- I e -~ .

7 Td

)
"
"
o
3
3

13 <he viascnus drag =neflfliclens, auflfix 7
refarring to :ondi=zions far downstream.
The wave-drag zoeflicient Tp, s

caleulated by a procedure?’ whicn ©
ifles conditions just upstream > <he
shock in the ficwfleld and ‘nfers 2 anonx
total-pressure loss from =hat »f a
Rankine-Hugoniost shcek of =he same Mach
number normal “o and J(ust upstream of <he
shack. Wave driag then foilows from applil-
cation of the momentum .l.eorem %0 stream-
tubes downstream of the shock 2n <-he
assumption of adiabatic, {3entroplc Flow,

5.1 Convex lections

Calculated and measured pressure i{stri-
butlons 1ire shown in Figs 5 ind "~ Yor
M, = 0.735, % = 7.6 and for two ngnoldi
numbers R =2 20 « 107 7or 17.7 « 10° ©op
RAE 5239) and A « 107, These {lows have 2
supeccrit{ical reglion 2bcve the upper suc-
face commencing close %o the leading adge
and terminating in a weak shock a% about
60% chord. In some ~ases, re-sxpansion 2f
the flcw 18 evident apstream »f *he shock.
All the flows 3re sensitive to errora !n
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217 moundary :ondt=lons and are *hus gond
“es+t3 ~f =he accuracy € the modelling »of
“ne shearr-iayer 1tsplacement affect, The

A alattsns are made at the measured Lif*©

=t one ~aiaiatad (netldence and drag are
rampared wltn *he axparimen®al vaiues 'n
Te Tlgacren,

AYGK glyes ax~eilant predictlons Af
pressure dlatridbutions ard angle »f
‘neldence Cape RAE 5229 1t noth Reynoilds
numbera and Topr PAE 5229 3t R = 20 <« (0
The !mprovemen? !n agreement w~ith experti-
menr compared with VAK {3 especlally ovi-
tonr f-or the =wWweC 23325 4lth separation
=aicnlated by BVGK “o nccur at about 2%

2nord upatream of the ~ralllng edge Hn <he

ippec sucface Figs 6b and 7a). In these
tases, UGK overestimates the rear ilcading

wi%h a consequent =2ffect on the prediction

>f both *the pressures in the supercritirca
Tiow region and angle »f incildence. For
“ne flowa «ith separation calculated %o
artgr 2t bertween 35% and 37% chord un “he
ipper 3urface Figs %c, 7b and 72), BVGK
inderestimates the rear lonading and hence
ines no%t provide a3 close 3 prediction of
the gupercritical pressuces as in th

1

sther Clows, This di3screpancy; '3 belleved

~o arlse from the {nadequacy nf the
2acrectian o the eoffect on turbulence
atruchyre 2 the [low curvature (n flows
with significant regions »C separatlion L
Af ~neredwlse axsent greater than ibout 21
znced), a1s Toresnadowed ln section 4,04,
in auch cases, 2 marked improverent In
agreement #'%h mMeasurement (3 abtalned ln
regpen® o =he syction [evels upstream -~
tne ghonk (f thls norrectinn '3 (gnored
C="URYY

Further valldasinong »f presaure Jdlaftri-
butisns -~alzulated by 8VGK Cor sectinns
AR 8228 and 8210 are presented in Rel 3,

Tampar!ianng benween ~3 i ulated 1nd
meaqired syerqll “oreas apd pltthing

moment ©sr the same “ach numrcer®* and
Reynolds number > F1g3 5 and ~ are snaowrn
‘n Plg 2. BVAK is seen S~ glve much
improaveq astimates o5f dvarall “nrces som-
pacred with those »f 70K, partl-oularly 2*
the .ower Ieynolds number, The ‘mpr-ve-

ment n igreement 'n the prediztions

! — VG
== VoK
f= = CURY
A IRAF R

5 Qe i8Rt Faperment |

AF 2228

LT % a0 00 10 20 10 W) avaak am o
T n . o " "
Figd LFt Jrag and sitrhing moment  anwer csttiong

Mo 40715 3 - 4 . 0 R D .t T .

‘or AAE 5230)

* In “he tests, Mach number was allowed %0
change alightly during incidence “ra-
verses but all the zalculations have
hean made it “he appropriatas Mach
number,

—
‘lF:: — v ~
b
10 !
4
Voo " ow " nw 1 n v
: ——-9VGK 31 Lt e 900085 10177 130043 ~ o~ 3VGK TS 3017 30007¢ J
— —~ WGk 050 19601 1218 3 0002¢ - =~ URY 8% 20141 19000
2 X5 Eaet . 19160 IS 100046 L GGK Y 2030 308072 v
5 o 1 I o~ 2fapt 19 0
+ ¢ Teparahon pont AVGH NS [ N ’\ A 1
- 1 E . :\ J
oy L 4
r— - NS
P N = ‘qg
SR i /”\ . .
roe ) ; \ it
/ § / \ Q\
Lt \ LS \
/ \ / 2 1’
' 4
{ AW Q_\s . { \ \ YA \\,‘ ]
R D IER B
{
- L
Ls 3 { \\Fzﬁé
B NE S 00, - ) 4000 SiORAE 5229 o0, - 0S¥M e RAE 230 'C = ) 599

A iy A PR Y

e — -

~ e




1rag ~y R rar thoge f UGK LS
2speet g Ly notewarthy., For flows Althout
Tnney wjves, he neadlanicnsg A0 drag coefl-
Slolann -~y AVGK ara gzenerally «#ithin abeut
L0 NP the measured vaiae, In the
“cner nd, 1t nigher »r [swer incldences
"1 n “hese “:r 3nock-Cree "low, the esti-
ma=29 0 irag Sy WGK re not as good.
The {'3-repancias ar alaner incldences
oo Y.e Are eagpeciaiiy avident for “he
".3w witn Tne largest regiin O 3eparatlon
E 33 v, 7 = 5 ¢ 19D, s noted nefore,
inderez~imates =ne rear loadling [or
332 Tlows, ind nence predicts hlgher suc-
“lns Tnan nesa 3 measurement upstream
T "ne 3nctk 1t 1 glven LISt with the con-
T3quence -“hat -he method overestimates
43ve irag., Jome Lmprovement in agreement
nerqean 3.1 ation and measurement s
hryined Sar (1R snefflclents greater
“han 1pAant Y. for AAE 5230 at R o= 5 « 106
tfoshe survarare 2orrectlon to turbulence
‘3 neglected a3 3hown n Fig 3.

\nnther posgibie gsourse »f arror arises
“rom o che ags~umptlion >f the wave-drag pro-
cadiire “hart the lncal flow s normal %o
“he ~heag,  This 3ssumption 15 likely <o
% ln an sweresgtimatae »f wave drag In
“low3 <nere the shock 13 oblique
cme =~ tha qerafoll surface,

tixing Jectiong

Pregayre {lstribdations at cocrresponding
*indlrtang o those of Flxs 5 and 7 are
3thown |

‘n Ttza 2 and 1D for the relaxing
~ecminng, “he flows dver which are all
rredioned ny BVGK to he attached on both
surfaces, AVAK 1a seaen to glve accurate
agrimates ~f *he pressure ‘ilstributions
afs apbnut 5J3% cnord but dlscrepancies
nerwean predlcriong by BVGK and measure-
maent are apparent (n and just Jownstream
> *he supercriticai-{low region on the
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upper durface, However, 3VOK zives
‘mproved 2stimates >C pressure jlgnri-
sutions :ompared ~1%n “hose f VIK, nar-
sicularly 1t -he lower >f “he the <wo
Reynolds numbers 'Fig 7', Figs 2 and
show that 3VGK estimates f irag are 1i3n
significantly <loser -o “he measured
values than those »f 70K. Further, mcre
ieralled, zomparlscns »[ »verall Torces
ire shown n Tig (i Tor -he nominal Macn
aumber and 3z2ynolds ~umber f Tiz3 2

and 7. Fig I ronfirms the impr~ved
aczucracy »f =he prediztions 7 irag -v
3VGK tompared ~i%h <hose f UN¥.
sectlions, 3VGK predlctions =0 irag o
ficlent are «1l=hin about 3.3001 F
measured values nver cShe range
1.2 ¢ 2 ¢ 3.5, BVGK 13 also seen -0 give
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~he mocre 3ccurate estimates of 1ift at a
Ziven angle of lncidence and pltehing-
moment at a given Lift.

Comparison between Figs 9 and 11 shows
that RAE 3236 nas larger drag at a given
1ift than that >f the convex section
RAE 5226. This osccurs in spite of the
flow helng ~alculated tn he attached on
~he former section and separated at 98%
thord on the apper surface of the latter,

5.3 Two-Part 3ection

Pregsure distributions 'for M, = 0.73,
Ty * N.6) and overall forces and pltching
moment for the two-part section RAE 5234
are shcown in Figs 12 and 13. As with the
other sections, BVGK 1a seen to give
accurate estimates of drag over a range of
11f% coefflclents which 1s useful for
design purposes and to provide signifi-
~antly improved predlctions of pressure
distributions, 1ift, drag and pitching
moment «ompared with those of VGK.

Nverall, the agreement between BVGK pre-
412tions and measurement 13 good for all
sections, except at high and low lift when
strong shocks appear. Attention is drawn,
in partlicular, to the accuracy of the
astimates of dilfferences in 'suberitical’
jrag between the sectlons of all three
fami{lies and between Reynolds numbers for
2 glven section. Thils tllustrates the
posalible use of the method as a design
tool and also for 'extrapolating' wind-
tunnel data for wing sectfons to 'full
scale’,

6 Conclusions

A combined theoretical and experimental

various rear-pressure dlatributions has
been described. In the experiment,
specilal care was taken to ensure that the
data were of suffilcient quaiity to allow
rigorous validation of CFD methods, A
large number of different {lows were
studied, ranging from those that were
completely attached to those with regions
of separation.

The data have been used %to validate CFD
methods developed at RAE including a
viscous-inviscid interaction method known
as BVGK. This method has been shown %o
predict accurately pressure distributions
and section drag for a wide range of flows
including those with rear separation,
suggesting the use of the method am a tool
for designing sections and extrapolating
wind-tunnel data to 'full scale'.

Pollowing extensive validation, BVGK s
currently in use in UK aerospace industry.
Eventually, the method will be replaced by
more sophisticated methods bdut before they
are accepted as design tools they will
have to demonstrate an accuracy at least
aqual to that shown by BVGK.
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